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Abstract 
Void fractions were detennined experimentally for Refrigerants 134a and 410A 
condensing inside a smooth horizontal 7.04 mm (0.277") i.d. tube. Tests that encompass a 
range of mass fluxes from 75-450 kg/m2-s (55-330 klbm/ft2-hr) and inlet qualities of 0.13-
0.9 were performed at a temperature of 35°C (95 OF). The experimental apparatus and 
procedures are described. The predictions of several existing correlations deviate from the 
experimental data, which necessitates the formulation of a new void fraction correlation. 
The correlation presented here is in terms of a Froude rate parameter, and accurately 
predicts the experimental data. 
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Chapter 1 
Introduction 
Studies of void fraction are numerous in the technical literature. These studies include 
experimental efforts to measure the void fraction of certain fluids, analytical efforts to model 
two-phase fluid processes and a combination of the two. Most investigators have collected 
void fraction data for a bounded set of fluids under a range of operating conditions that were 
suitable for the application they were stUdying. Past correlations have not shown good 
agreement with results obtained for refrigerants under typical operating conditions. 
The work described herein represents an effort to correlate experimentally determined 
void fraction data. In Chapter 2, background information and existing literature is reviewed. 
This includes a detailed review of existing void fraction correlations. Chapter 3 presents the 
experimental facility that was used in this study. In Chapter 4, the experimental methods used 
to collect and verify void fraction data are described. The experimental void fraction data from 
this investigation is presented and reviewed in Chapter 5. In addition, this chapter is used to 
compare the experimental data to the results predicted by various correlations. In Chapter 6, a 
correlation is presented to predict void fraction. This correlation is shown to agree with the 
experimental data from this investigation, and with the experimental data collected by an 
outside investigator. Finally, Chapter 7 presents conclusions of this investigation. 
1 
Chapter 2 
Literature Review 
Over the years, many researchers have looked at the subject of void fraction. The void 
fraction influences the heat transfer and fluid flow characteristics. The complicating factors 
involved in two-phase flow make the use of correlations quite attractive. Numerous 
correlations are available in the literature. These correlations can be grouped into four general 
categories: homogeneous, slip-ratio, Lockhart-Martinelli and flux dependent 
The following literature review examines various void fraction correlations from the 
above categories. It should be noted that Rice [1987] gives a brief overview of many of these 
correlations as they relate to the aforementioned categories. It is the intent of this literature 
review to give a more detailed description of the correlations to better illustrate their intended 
usage, their effectiveness, as well the authors' different perspectives on two-phase flow. 
2.1- Homogeneous 
The homogeneous model considers the liquid and gas phases to be a homogeneous 
mixture traveling at the same velocity. This model is the most simplified and the relationship 
between void fraction, a, and mass quality, x, is: 
1 
2.2- Slip-Ratio 
2.2.1- Zivi Correlation 
(2.1) 
Zivi [1964] proposed a void fraction correlation similar to the homogeneous model. 
The correlation of Zivi was developed by applying the principle of minimum entropy 
production to two-phase flow. Through his work, he formulated the rate of energy dissipation 
in terms of the void fraction, from which he determined the void fraction that minimized the 
dissipation. To do this, Zivi neglected the time variations in void fraction, pressure, quality 
and local velocities. In addition, Zivi assumed that energy dissipation due to wall friction was 
negligible and that the flow pattern was purely annular with no liquid entrained in the vapor. 
The Zivi correlation takes the following form: 
2 
(2.2) 
Zivi compared his correlation to his data, as well as to the data of Martinelli and Nelson [1948], 
Larson [1957] and Maurer [1960]. He found that his correlation formed the lower bound for 
much of the experimental data, with the upper bound predicted by the homogeneous flow 
model. He also noted in his analysis that the two bounding curves approached each other as 
the pressure increased. Zivi stated that the quantity of liquid entrained in the vapor phase is the 
determining factor in interpolating between these limits. He goes on to state that a physical 
model describing two-phase flow should include the effects of liquid entrainment. Zivi realized 
that entrainment is an important factor in the dynamics of two-phase flow for the propagation 
of disturbances. Void fraction and pressure will be strongly affected by the amount of 
entrainment and the velocity distribution of the liquid particles that are entrained. 
The Zivi correlation assumes that the liquid and vapor phases travel with different 
velocities, V g and V f. The ratio of these two velocities is given by the slip-ratio: 
V S=-g 
Vf 
Therefore, a modified form of the homogeneous model can be written as: 
1 
a=------l+(l-X)Pg -S 
x Pf 
Thus, the slip-ratio for the Zivi correlation takes the following form: 
2.2.2- Smith Correlation 
(2.3) 
(2.4) 
(2.5) 
Smith [1969] also developed a slip-ratio based correlation. For his model, he assumed 
that the flow is annular with a homogeneous mixture phase and a liquid phase. In addition, he 
assumed that the homogeneous mixture phase and the liquid phase have the same velocity 
head. He also assumed that the homogeneous mixture of liquid and gas behaves as a single 
3 
fluid with a variable density and that thermal equilibrium exists. From this, Smith's correlation 
takes the following form: 
1 (2.6) a. = ---,---,---1+(I-X)Pg -S 
x Pf 
S=K+(I-K) (2.7) 
where 
K= mass of water flowing in homogeneous mixture/total mass of water flowing 
Smith states that his correlation is valid for all conditions of two-phase flow irrespective of the 
pressure, mass velocity, flow regime and rate of change of enthalpy. He compared his 
correlation at various values of K to the data of Rouhani and Becker [1963]; Haywood, 
Knights, Middleton and Thorn [1961] and Anderson and Mantzouranis [1960]. The data from 
the aforementioned researchers was obtained by three different experimental methods. From 
his comparisons, he determined that K=O.4 was the most suitable value. Because of the three 
different methods by which the data was taken, Smith was confident that his empirically 
determined K value did not include a systematic error common to a particular experimental 
method. With this value of K, Smith showed that his correlation predicted most of the data to 
within ±1O% of its reported value. 
2.2.3- Thorn Correlation 
Another slip-ratio correlation was presented by Thorn [1964]. Thorn's work was 
concerned with a flow.regime in which the fluid .temperature or the heat flux is high enough for 
the wall temperature to rise a few degrees above boiling point. This results in nucleate boiling, 
with the bubbles being swept off the surface by the flow of the fluid. He took great care to 
ensure that the water entered the test section at exactly the saturation temperature and that heat 
transfer took place with net generation of steam. Thorn states that because the bulk temperature 
was already at saturation, the bubbles did not condense again but caused an increase in volume 
and velocity of the mixture. His correlation is the following: 
4 
where 
x 
a= 1 
x+(I-x)-
'Y 
(2.8) 
(2.9) 
Thorn's correlation is shown to predict reasonable values except at very low steam qualities. 
2.2.4- Levy Correlation 
The final slip based correlation was developed by Levy [1960]. This correlation came 
out of equations governing the slip effects in the forced circulation of boiling water. The 
equations presented by Levy indicate that steam slip depends upon channel geometry, inlet 
water velocity and rate of heat addition. Levy derives a momentum model which leads to equal 
friction and head losses of the two phases. He assumes momentum to be exchanged between 
water and steam every time x, a or pf/pg vary and the exchange tends to maintain the equality 
of frictional and head losses of the two phases. Levy's equation can be written as: 
a(l- 2a) + a (1- 2a)' + a[ 2 ~: (I_a)' +a(l- 2a)] 
x = ------'-------=-----------=-
2££.(1- a)2 + a(l- 2a) 
Pg 
(2.10) 
Levy discovered that there was good agreement between his correlations and experimental data 
at high pressures. Otherwise, the correlation deviated from the experimental results. 
2.3- Lockhart-Martinelli 
Correlations in this category employ the parameter of Lockhart and Martinelli [1949], 
which is defined as: 
X tt =(I:X r'(~: r'(~:r (2.11) 
5 
The assumptions upon which the basic Lockhart-Martinelli analysis was based are two-fold. 
First of all, it is stated that the static pressure drop for the liquid phase must equal the static 
pressure drop for the vapor phase regardless of the flow pattern. This is as long as an 
appreciable radial pressure difference does not exist. In addition, Lockhart and Martinelli state 
that the volume occupied by the liquid plus the volume occupied by the gas at any instant in 
time must equal the total volume of the pipe. It can therefore be inferred that the flow pattern 
does not change along the tube length. Due to this, "slug" flow is eliminated from 
consideration. Lockhart and Martinelli presented void fraction data as a function of Xtt for 
isothermal two-phase, two-component flow in pipes. 
2.3.1-WaIlis and Domanski Correlations 
The data of Lockhart and Martinelli was approximated by Wallis [1969]. The resulting 
correlation given by Wallis is defined as follows: 
(2.12) 
Wallis noted that the Lockhart-Martinelli parameter balances frictional shear stress versus 
pressure drop. Therefore, he realized that his method leads to progressively increasing errors 
as the frictional component of pressure drop decreases in proportion to the other terms. 
Domanski [1983] presented another correlation for void fraction utilizing the Lockhart-
Martinelli parameter. It is the following: 
a = 0.823 - 0.157 * InXtt (2.13) 
It is stated in Rice that the correlation developed by Wallis is to be used for Xtt~lO, while the 
equation developed by Domanski is to be used for Xtt> 10. 
2.3.2- Baroczy Correlation 
Baroczy [1965] presents a generalized correlation utilizing the Lockhart-Martinelli 
parameter. His correlation is based upon isothermal, two-phase, two-component liquid 
fraction data for liquid mercury-nitrogen and water-air. Baroczy's correlation involves the 
Lockhart-Martinelli parameter, as well as an additional parameter involving liquid/gas density 
and viscosity ratios. The tabular representation of the Baroczy method is given in Table 2.1. 
6 
0.00002 
0.0001 
0.0004 
0.001 
0.004 
0.01 
0.04 
0.10 
1.0 
0.0018 
0.0043 
0.0050 
0.0056 
0.0058 
0.0060 
0.0022 
0.0066 
0.0165 
0.0210 
0.0250 
0.0268 
0.0280 
Table 2.1- Baroczy correlation 
L' 'dti lqUl raction 
0.0012 0.009 0.068 0.17 
0.0015 0.0054 0.030 0.104 0.23 
0.0072 0.180 0.066 0.142 0.28 
0.0170 0.0345 0.091 0.170 0.32 
0.0370 0.0650 0.134 0.222 0.39 
0.0475 0.0840 0.165 0.262 0.44 
0.0590 0.1050 0.215 0.330 0.53 
0.0640 0.1170 0.242 0.380 0.60 
0.0720 0.1400 0.320 0.500 0.75 
0.22 0.30 0.47 0.71 
0.29 0.38 0.57 0.79 
0.35 0.45 0.67 0.85 
0.40 0.50 0.72 0.88 
0.48 0.58 0.80 0.92 
0.53 0.63 0.84 0.94 
0.63 0.72 0.90 0.96 
0.70 0.78 0.92 0.98 
0.85 0.90 0.94 0.994 
Baroczy compared his correlation with the Martinelli-Nelson correlation for steam, and the 
steam void fraction data of Isbin [1957] and Larson [1957]. The correlation is shown to give 
good agreement with the data and decent agreement with the Martinelli-Nelson correlation, 
except at atmospheric pressure. 
2.4- Flux Dependent 
2.4.1- Premoli Correlation 
The first flux dependent correlation of interest was developed by Premoli [1971], and is 
empirical in nature. This correlation was developed from experimental investigations of two-
phase mixtures flowing upwards in vertical channels under adiabatic conditions. The 
experiments involved a large variety of conditions involving mixture velocity, physical 
properties and channel configurations. Premoli developed the correlation by comparing slip-
ratio and governing parameters. In addition, Premoli optimized the correlation with the 
criterion of minimizing density calculation errors. The correlation is as follows: 
1 (2.14) (X.=------1+(I-X)Pg .s 
x Pf 
7 
where 
where 
S = 1 + Kl( Y - CY)~ 
I+CY 
( J
o.22 
Kl = 1.578 Ref-D.19 ~: 
( J
-O.08 
C = 0.0273Wef Rer-D·51 ~: 
y=_B_ 
I-B 
(2.15) 
(2.16) 
(2.17) 
(2.18) 
Premoli shows that his correlation is within 8% agreement with experimental data in terms of 
density volume fraction, and 5% agreement in terms of void fraction. 
2.4.2- Hughmark Correlation 
Hughmark [1962] developed an empirical correlation, which was based on the work of 
Bankoff [1960]. Bankoff proposed a model in which it is assumed that the mixture flows as a 
suspension of bubbles in the liquid. This leads to radial gradients with respect to the 
concentration of bubbles. The bubble concentration is maximum at the center of the pipe, and 
decreases monotonically in a radial direction vanishing at the pipe wall. Bankoff also assumed 
that the gas and the liquid have the same velocity at any radial position, with the relative 
velocity of the bubbles being negligible compared to the velocity of the stream. He states that 
the average velocity of the gaseous phase is greater than that of the liquid phase because the gas 
is concentrated in the regions of higher velocity. The Bankoff correlation is valid for the 
steam-water system, but is not applicable to the air-liquid two-phase flow. Based on the 
assumptions of Bankoff, the Hughmark correlation, as presented by Rice, takes the following 
form: 
K 
<X. = H 1+(~)Pg 
x Pr 
(2.19) 
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0·*0 The Hughmark flow parameter K Rea = 1 H is dependent on the correlating 
parameter Z, in the manner given by Tablg~:2.a'rtre p~tabeter Z is dependent on a viscosity 
averaged, a-averaged Reynolds number, Re ,the Froude number, Fr, and the liquid volume 
" fraction, YL. This is given by: 
Re 1/6* Fr1/8 
Z - a 
- 1/4 YL 
(2.20) 
where 
0·*0 Re - 1 
a - Ilf + a(llg - Ilf ) (2.21) 
V2 1 Ox ( J
2 
Fr = gOi = gOi BPg 
(2.22) 
YL = ( ) = I-B 1+ _x_ £L 
I-x Pg 
I (2.23) 
The above terms combine to give the following expression: 
(2.24) 
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Table 2.2- Hughmark correlation 
Z KH 
1.3 0.185 
1.5 0.225 
2 0.325 
3 0.49 
4 0.605 
5 0.675 
6 0.72 
8 0.767 
10 0.78 
15 0.808 
20 0.83 
40 0.88 
70 0.93 
130 0.98 
It should be noted that Bankoff defined the parameter KH in the following manner: 
(2.25) 
Hughmark noted that his correlation resulted in about the same deviation from experimental 
data for the steam-water system as the Bankoff correlation. However, the Hughmark 
correlation provided good results for the air-liquid data, whereas Bankoffs correlation did not. 
2.4.3- Tandon Correlation 
Another flux dependent correlation was developed by Tandon [1985]. For his 
correlation, Tandon characterized annular flow by an axisymetric liquid annulus and vapor core 
with no liquid entrainment. This flow is assumed to steady and be one-dimensional with no 
radial pressure gradient. In addition, he assumed that both the liquid and vapor flows are 
turbulent and that at any section both phases have constant properties. The Tandon correlation 
takes the following form: 
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50< Ref<1125 
ex = {1-1.928Ref -0.315 [ F(Xtt)r
1 
+ O. 9293 Ref -Oo63[F(Xtt )r
2} (2.26) 
Ref>1125 
ex = {1- 0.38Ref -Oo088[ F{Xtt)r1 + 0.0361 Re f-O.l 76 [ F{Xtt)r2 } (2.27) 
where 
(2.28) 
Tandon compared his model with the data of Isbin [1957], and Rouhani and Becker [1963]. In 
addition, the correlation was compared to the correlations of Zivi [1964] and Smith [1969]. 
Tandon shows that his predictions are within ±15% of the experimental values. 
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Chapter 3 
Experimental Facility 
The purpose of the experimental apparatus is to provide refrigerant at different 
conditions to the test section, where temperature, pressure and void fraction measurements are 
made. Earlier versions of this facility have been described by Hinde [1992], Dobson [1994], 
Gaibel [1994], Kenney [1994], Ponchner [1995] and Sweeney [1996]. Recent modifications 
have been made to the apparatus that allows the refrigerant to be removed from the test 
condenser. A detailed description of the facility can be found in Dobson; therefore, only the 
general characteristics of the apparatus emphasizing the recent modifications will be given here. 
3.1- Experimental Test Facility 
The experimental apparatus is comprised of a refrigerant loop, a water loop, a data 
acquisition system, a bypass line and a system designed to remove refrigerant from the test 
section. A schematic of the refrigerant loop is shown in Figure 3.1. Refrigerant is driven 
around the loop by a MicroPumpTM three-gear, variable speed pump. It is driven by a 0.25 
kW (1/3 hp), three-phase motor whose speed is controlled by an AC inverter. It requires no 
lubrication, so experiments with pure refrigerants can be run. The flow rate of refrigerant 
around the loop is controlled by varying the pump speed. In addition, the flow rate can be 
varied by sending some of the refrigerant around the pump in the pump bypass. A needle 
valve in the bypass line controls this flow. 
After the pump, the refrigerant flow rate is measured in one of two flow meters, 
depending on the particular flow rate. Flow rates of 0.9 kg/min (2 lb/min) or greater are 
measured in a Max Machinery ™ positive displacement flow meter. This meter has an 
uncertainty of ±0.31 %. Connected in parallel is a Micro Motion D6™ mass flow meter, 
which is used to measure lower flow rates. The uncertainty of this meter is ±D. 1 %. 
Immediately after the flow meters, the refrigerant flows through the refrigerant heater. 
The heater is used to heat the subcooled liquid refrigerant to the desired conditions at the inlet 
of the test section. Those conditions are a particular vapor quality for two-phase tests, or a 
particular temperature in the case of a single phase test. The heater is made up of five 1.8 m 
(5.91 ft) long passes of 9.52 mm (0.375") o.p, copper tubing with an internal copper tubing 
forming an annulus. Each pass is wrapped with four 180 n resistance heater tapes. This 
delivers a total power of 6.4 kW (21,840 BtU/hr). The first nine heaters are always turned on, 
and are powered by a 0 to 240 V variable voltage transformer (Variac), which allows the power 
output to be adjusted from 0-2.88 kW (0-9827 BtU/hr). The rest of the heaters are controlled 
by on/off switches, and are turned on as needed. A schematic off the refrigerant heater is 
shown in Figure 3.2. The power input into the refrigerant heater is measured with two Ohio 
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Semitronics™ watt-hour transducers. Their uncertainty is 0.2%. All of the heaters are 
wrapped with shrink tape and insulated. Following the heater section, the refrigerant flows 
through an adiabatic section to obtain fully developed flow before reaching the test section. 
The ball valves in the system offer no resistance or disturbance to the flow. 
Next, the refrigerant flows through the test section. Within the test section, temperature 
and pressure measurements are made. The test section is a counter flow heat exchanger, with 
refrigerant flowing in the inner tube, and water flowing in the outer tube. Figure 3.3 is a 
schematic of the test section and the adiabatic section. 
The water annulus is made of transparent plastic. It has an o.d. of 19 mm (0.75") and 
an i.d. of 16 mm (0.625"). Nylon washers with an inside diameter equal to the outside 
diameter of the inside tube, and with an outside diameter equal to the inside diameter of the 
water annulus, hold together the inner tube and water annulus. Small holes are drilled in the 
nylon washers to allow the water to flow through them. This prevents temperature 
stratification from occurring. Inlet and outlet temperatures of the water in the test section are 
measured with type-T thermocouple probes that expose the thermocouple beads directly to the 
water. The error associated with these thermocouples is less than 0.1 °C (0.2 OF). A needle 
valve in a rotameter, which is located upstream of the test section, controls the water flow rate 
through the test section. The flow rate of the water is measured by collecting a timed sample in 
a graduated cylinder downstream of the test section. Please see Figure 3.4 for a schematic of 
the water loop. Dobson estimated the uncertainty in the water flow measurement to be less 
than 1.5%. Pressure ranging from 70-140 kPa (10-20 psig) is maintained in the water annulus 
to prevent the formation of air bubbles. 
For this study, the inner tube of the test section was a smooth copper tube with an i.d 
of 7.04 mm (0.277"). The distribution of type-T, copper-constantan thermocouples soldered 
to the tube inside the water annulus is similar to that in Dobson: five stations with four 
thermocouples each. At each station, the wall temperature was measured at four 
circumferential locations (0°, 60°, 180° and 240°). The thermocouples were mounted on the 
tube using a technique which differed from Dobson. Grooves were cut into a copper coupling 
with an inside diameter equal to the outside diameter of the tube. This coupling was soldered 
to the tube, and the thermocouples were than placed into the grooves and soldered to the tube. 
This mounting technique is illustrated in Figure 3.5. Polaski [1993] studied different 
thermocouple mounting techniques, and found this method to give good accuracy. 
After the test section, the refrigerant passes through an after condenser. The after 
condenser is a Refrigerant Research TM water cooled heat exchanger with a capacity of 7 kW 
(24,000 BtU/hr). The after condenser is responsible for returning the refrigerant to a subcooled 
liquid state. A subcooled liquid state is required because the pump can not effectively operate if 
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vapor flows through it, and the flow meters would give incorrect readings if vapor flowed 
through them. 
Upon leaving the after condenser, the refrigerant enters the receiver. The receiver is a 
cylinder immersed in a temperature controlled water tank. The receiver-water tank system is 
used to control the pressure in the refrigerant loop. This is done by varying the temperature in 
the tank and by controlling the amount of refrigerant that flows around the receiver. 
From the receiver, the refrigerant flows in a water cooled counter-flow heat exchanger. 
This is done to ensure that any remaining vapor that may have formed as the refrigerant passed 
through the receiver is condensed. Finally, the refrigerant passes through a filter/drier to 
remove water and impurities before it once again reaches the pump. 
The absolute pressure at the inlet of the test section is measured with two pressure 
transducers. The first transducer has a range of 0-3445 kPa (0-500 psi), and the second 
transducer has a range of 0-2100 kPa (0-300 psi). Dobson estimated the uncertainty in these 
transducers at ±7kPa (±l psi). A 0-35 kPa (0-5 psi) Sensotec™ differential pressure 
transducer is used to measure the pressure drop across the test section. It has an uncertainty of 
±O.48 kPa (±0.07 psi). Pressure measurements are made through pressure taps installed at the 
inlet and outlet of the test section. 
Some other pressure and temperature measurements are performed. Thermocouple 
probes measure the refrigerant temperature at the heater inlet, adiabatic section inlet, test section 
outlet and aftercondenser outlet. All of these thermocouples are type-T. The temperature 
measurement at the heater inlet is necessary to determine the refrigerant enthalpy at that point. 
The temperature measurement at the adiabatic section inlet and the test section outlet are 
necessary to determine the refrigerant enthalpy at those points during single phase tests. 
Absolute pressure measurements are also made at the heater inlet, test section outlet and 
between the after-condenser and the pump. All of these measurements are done with 0-6900 
kPa (0-1000 psi) transducers. The pressure measurement at the heater inlet is required to 
calculate the refrigerant enthalpy. The other two are mainly used for leak detection. To ensure 
accurate results, the apparatus is completely insulated before data is collected. 
All data is transmitted to a Power Macintosh computer, with a National Instruments 
NB-MIO-16 data acquisition board installed in it. In addition, a Campbell Scientific 2lX™ 
was connected to the serial port of the computer. The National Instruments board was used to 
recei ve the data from the refrigerant· flow meters and the differential pressure transducer 
because these pieces of equipment transmit data very fast, and this board has the capability of 
reading data at a very fast rate. The datalogger is capable of reading data every 10 seconds. It 
was connected to two Campbell Scientific AM64™ multiplexers, making it capable of 
receiving 64 analog signals. It was used to receive the data from the thermocouples and the 
absolute pressure transducers. All of the information was processed and displayed in the 
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computer with Labview 4.0 software from National Instruments™. The data was later 
analyzed in a separate computer using spreadsheets. 
In order to determine the void fraction of the refrigerant contained within the test 
section, it was necessary to design a system to remove refrigerant under operational conditions. 
To achieve this, a ball valve was attached to the test section inlet and the test section outlet. The 
handles of these valves were than joined by a solid copper rod, which allowed simultaneous 
closing and opening of the valves. This was done to ensure that when the system was 
operating at steady-state, the valves would close at the same time; thereby, allowing no 
refrigerant to escape from the test section. Due to the fact that it was not desirable to shut the 
system down when the test section valves were closed, a bypass line was inserted into the 
system. 
The entrance to the bypass line was placed 165 mm (6.5") upstream of the entrance to 
the test section. At this point, a specially designed valve insert, designed and machined out of 
12.7 mm (112") diameter solid brass rod, was soldered onto the loop. Figure 3.6 shows a 
schematic of the valve insert. Onto the stem, a 9.525 mm (3/8") o.d., Teflon seated ball valve 
was fastened. When the ball valve was opened, refrigerant was free to flow into the bypass 
line. Another valve insert was soldered onto the loop downstream of the test section. As with 
the entrance to the bypass, another ball valve was placed onto the stem to control the flow of 
refrigerant. Therefore, when steady state was achieved for a given test point, the ball valves at 
the entrance and exit to the test section were simultaneously closed, at which time the bypass 
line valves were opened to allow the flow of refrigerant throughout the loop. At this point, 
refrigerant was removed from the isolated test section. 
To facilitate the removal of refrigerant from the test section, a valve insert was soldered 
114 mm (4.5") downstream of the ball valve at the entrance to the test section. It should be 
noted that the this valve insert was designed to minimize the amount of refrigerant that was able 
to condense in it under operational conditions. Initially there was concern that if the stem was 
colder than the test section to which it was soldered, refrigerant would condense in it. This 
would alter the true weight of the refrigerant in the test section; therefore, altering the void 
fraction results. To combat this, the stem was designed to extend all the way up to the ball in 
the valve. Calculations were than done assuming that the valve insert filled up with condensed 
refrigerant during operation. It was found that if the stem had a 1.59 mm (1/16") hole drilled 
in it for the removal of refrigerant, the maximum error associated with refrigerant condensing 
in it would be 3.4%. In order for the machine shop to only have to machine one valve insert, 
this valve insert design was also used for the bypass line. Please see Figure 3.6. To this stem 
a 9.5 mm (3/8") o.d., Teflon seated ball valve was fastened. The other end of this valve was 
then connected to a specially designed connector piece. This particular piece was machined out 
of 12.7 mm (1/2") brass rod. As with the stems, this piece was designed to minimize the 
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amount of refrigerant able to condense in it during the removal of refrigerant from the test 
section. The piece was designed to extend all the way to the ball in the valve, with a 1.59 mm 
(1/16") hole drilled in it to allow refrigerant to pass through it. The connector piece is shown 
in Figure 3.7. The connector piece was then attached to a Refrigerant Research 1917 Receiver 
tank through the utilization of couplers. The receiver tank has an internal valve which allows it 
to be opened and closed. This particular tank was chosen because its volume closely matched 
the volume that would be needed to contain the maximum amount of vapor possible. This state 
would occur if the test section was completely filled with refrigerant at a quality of zero, which 
than vaporized into the receiver tank. A pressure gauge was attached to one of the outlet ports 
on the receiver tank to accurately give the pressure of the refrigerant contained within. During 
operation, the tank was placed in a bucket of ice, and positioned on a table parallel to the test 
section. It is also important to point out that 3.17 mm (1/8") o.d., Teflon seated ball valves 
were placed at the entrance to the pressure tap lines for this study. This was done to ensure 
that any condensed refrigerant contained within the pressure tap lines would not add to the 
weight of the refrigerant. To see how the additions to the experimental apparatus allow the 
void fraction of a refrigerant to be determined, it is important to briefly outline the experimental 
procedures 
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Chapter 4 
Experimental Procedures 
The operational procedures regarding the test condenser are the same as those contained 
in Dobson, Hinde, Ponchner, and Sweeney. Therefore, only the procedures dealing with the 
void fraction will be outlined here. Once steady state was achieved for a given test point (e.g. 
mass flux=300 kglm2-s, quality =0.5 and saturation temperature=35 DC), the test section was 
isolated by simultaneously closing the entrance and exit ball valves. Immediately following 
this, the bypass line was opened up to allow the refrigerant to continue flowing. At this time, 
the pressure tap valves were closed, followed by the opening of the valve to the receiver tank. 
Due to the fact that the receiver tank was in a bucket of ice, refrigerant from the test section 
immediately condensed into it. After an adequate amount of time, the receiver tank was closed, 
disconnected from the test section, dried off and weighed. Finally, the final pressure and 
temperature of the test section was recorded during each test so that the mass of vapor 
remaining in the test section could be estimated using the ideal gas equation. Before each test 
began, the receiver tank was evacuated using a vacuum pump to ensure that all remaining 
refrigerant from previous tests was out before it was weighed and connected to the test section. 
Paramount to these measurements is the ability to correctly determine the volume of a 
given test section. For this, a 'dummy' test section of known length and inside diameter was 
constructed, into which R134a, R22, and nitrogen were individually introduced at a known 
vapor pressure. This test section filled with vapor was then allowed to equilibrate to room 
temperature and was accurately weighed. From the pressure and temperature values, the 
density was determined. Plotting density versus mass allowed for a method of volume 
determination. This procedure was done over a wide range of pressures, and it was discovered 
that it was good enough to accurately predict the volume of the test section to within 10 percent 
of its' known value. Please see Figure 4.1 for a representative plot of the data. The volume of 
the receiver tanks was also determined in the same fashion. Figure 4.2 is an example of the 
receiver tank volume. To determine the volume of the operational test section, a similar 
procedure was followed. For this R134a, R22, and nitrogen were inserted into the receiver 
tank at a known vapor pressure. The receiver tank was then connected to the test section, 
which was isolated from the rest of the loop and pressure tap lines by the closing of the 
respective valves. At this point, the tank was opened, allowing the vapor to enter the test 
section. Mter allowing the receiver tank/test section system to equilibrate to room temperature, 
the pressure was obtained from the pressure gauge on the tank. Then by using ideal gas 
relations, the volume of the test section was obtained. 
Once the mass of refrigerant, as well as the volume of the test section for a given test 
point was determined, a procedure was followed to determine the void fraction. Before 
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presenting the procedure, it is useful to define a new quality tenn that may be convenient for 
analysis. "Static" quality, "Xs", will be defined as the quality in a non-flowing tube section or 
component that has been shut off from a refrigerant circulating in a test loop. Static quality is 
an alternate means of describing void fraction. A relation between static quality and void 
fraction is: 
Xs = [((1-a)/a)(Vg/vl) + 1]-1 
where a = void fraction (vapor cross-section area to total cross-section area) 
VF liquid phase specific volume 
v g = vapor phase specific volume 
This is to be distinguished from the quality of a refrigerant flowing in a loop. The local quality 
at some point inside a refrigeration system component is the ratio of vapor mass flow rate to 
total refrigerant mass flow rate. When a section of a refrigeration system component is valved 
off, the static quality refers to the mass of vapor in the closed section to the total refrigerant 
mass in that section. The difference between quality and static quality is a measure of average 
velocity difference between the vapor and liquid phases. 
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Chapter 5 
Experimental Results 
In this chapter, the void fraction results will be presented and discussed. This will be 
done for both refrigerants tested in this study: R-134a and R-41OA. Once the results have been 
presented, they will be compared to the predictions of four different correlations. Finally, in 
Chapter 6, a method of correlating the experimental data will be discussed. 
5.1- Void Fraction Results 
The void fraction results presented in this section have been determined using the 
methods described in Chapter 2 and Chapter 4. Figure 5.1 shows the experimental void 
fraction variations with inlet quality for R-134a. In addition, Figure 5.2 shows the 
experimental void fraction variations with inlet quality for R-41OA. As can be seen in both 
graphs, the void fraction increases with inlet quality for the mass fluxes tested. Furthermore, 
these graphs demonstrate that the void fraction is dependent on mass flux for the refrigerants 
tested. By looking at Figure 5.1, it can be seen that the greatest increase in void fraction for R-
134a occurs as the mass flux is increased from 75 kglm2-s (55 klbm /ft2-hr) to 150 kglm2-s 
(110 klbm/ft2-hr). In contrast, the smallest increase in void fraction occurs as the mass flux is 
increased from 300 kglm2-s (220 klbm/ft2-hr) to 450 kglm2-s (330 klbm/ft2-hr). For R-4IOA, 
Figure 5.2 demonstrates that there is a moderate increase in void fraction as the mass flux is 
increased from 75 kglm2-s (55 klbm/ft2-hr) to 150 kglm2-s (110 klbm/ft2-hr), and then from 
150 kglm2-s (110 klbm/ft2-hr) to 300 kglm2-s (220 klbm/ft2-hr). Void fraction plots for each 
mass flux condition tested are in Appendix B. 
5.1.1- Effect of Refrigerant on Void Fraction 
Figure 5.3 shows the void fraction versus quality for both R-134a and R-4IOA at a 
mass flux of 75 kglm2-s (55 klbm/ft2-hr). Furthermore, Figures 5.4 through 5.6 show the 
void fraction versus quality for R-134a and R-4IOA at mass fluxes of 150 kg/m2-s (110 
klbm/ft2-hr), 300 kglm2-s (220 klbm/ft2-hr) and 450 kglm2-s (330 klbm/ft2-hr), respectively. 
In addition, Figure 5.7 gives the void fraction versus quality for both refrigerants at all mass 
fluxes tested. As can be seen, R-134a was measured to have a higher void fraction than R-
410A at each of the mass fluxes tested. This was expected due to the fact that R-4IOA has a 
higher saturation pressure than R-134a. The higher saturation pressure leads to a higher vapor 
density, which causes the vapor phase to flow at a slower rate. 
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5.2- Data Comparison 
This section will demonstrate how the experimental data compares to the predictions of 
various correlations. The Zivi correlation, Wallis correlation, Premoli correlation and 
Hughmark correlation were chosen to compare with the experimental data. This allows a 
comparison with a slip-ratio based correlation, a Lockhart-Martinelli parameter based 
correlation and two mass flux dependent correlations. Figures 5.8 through 5.15 show how the 
R -134a and R-410A experimental data compares with the four correlations. 
5.2.1- Zivi Correlation 
Figures 5.8 through 5.15 show how the Zivi correlation compares with the 
experimental data for R-134a and R-4IOA at mass fluxes of 75 kglm2-s (55 klbm/ft2-hr), 150 
kg/m2-s (110 klbm/ft2-hr), 300 kglm2-s (220 klbm/ft2-hr) and 450 kg/m2-s (330 klbm/ft2-hr). 
The Zivi correlation presented here was defined in Section 2.2.1. By looking at Figures 5.8 
through 5.11, some interesting trends can be observed for R-134a. For a mass flux of 75 
kg/m2-s (55 klbm/ft2-hr), the Zivi correlation overpredicts the R-134a void fraction at each 
value of the inlet quality. When the mass flux is increased to a value of 150 kg/m2-s (110 
klbn/ft2-hr) the Zivi correlation predicts the experimental R-134a data well. As the mass flux is 
increased to 300 kglm2-s (220 klbm/ft2-hr), and then to 450 kglm2-s (330 klbm/ft2-hr), it can 
be seen that the there is a deviation at the low inlet quality points between the Zivi correlation 
and the experimental R-134a data. 
Figures 5.12 through 5.15 demonstrate how the predictions of the Zivi correlation 
compare with the R-4IOA experimental data. For mass fluxes of 75 kglm2-s (55 klbm/ft2-hr) 
and 150 kglm2-s (110 klbn/ft2-hr), the Zivi correlation overpredicts the R-4IOA void fraction. 
In contrast, for a mass flux of 300 kglm2-s (220 klbn/ft2-hr) the Zivi correlation does a good 
job of predicting the experimental R-4IOA void fraction data. Finally, for a mass flux of 450 
kg/m2-s (330 klbm/ft2-hr), the Zivi correlation underpredicts the R-4IOA void fraction at low 
inlet quality points. 
It should be pointed out that the Zivi correlation was not expected to agree with the 
experimental data for all points tested. This is because the Zivi correlation is not dependent 
upon mass flux. As was previously mentioned, this experimental data (Figures 5.1 and 5.2) 
demonstrates that the void fraction is dependent on the mass flux. 
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5.2.2- Wallis Correlation 
The experimental data and the values for void fraction predicted by the Wallis 
correlation are shown in Figures 5.8 through 5.15. The Wallis correlation is described in 
Section 2.3.1. By looking at Figures 5.8 through 5.11, it can be seen how the Wallis 
correlation compares with the experimental R-134a data. At a mass flux of 75 kglm2-s (55 
klbm/ft2-hr), the Wallis correlation overpredicts the R-134a void fraction for each value of inlet 
quality. When a mass flux of 150 kglm2-s (110 klbn/ft2-hr) is looked at, it can be seen that the 
Wallis correlation slightly overpredicts the R-134a void fraction for points of low inlet qUality. 
Nevertheless, the Wallis correlation does a good job of predicting the R-134a void fraction at 
mass fluxes of 300 kglm2-s (220 klbm/ft2-hr) and 450 kglm2-s (330 klbm/ft2-hr). 
The predictions of the Wallis correlation and the R-41OA experimental data are given in 
Figures 5.12 through 5.15. As can be seen, the Wallis correlation has the tendency of 
overpredicting the R-41OA void fraction at mass fluxes of 75 kglm2-s (55 klbm/ft2-hr) and 150 
kglm2-s (110 klbm/ft2-hr). In addition, this particular correlation overpredicts the R-41OA void 
fraction for values of low inlet quality at a mass flux of 300 kg/m2-s (220 klbm/ft2-hr). 
Finally, at a mass flux of 450 kglm2-s (330 klbm/ft2-hr) there is only a slight deviation between 
the predictions of the Wallis correlation and the experimental R -41 OA data. 
5.2.3- Premoli Correlation 
The Premoli correlation is defined in Section 2.4.1. Figures 5.8 through 5.15 
demonstrate how the Premo Ii correlation compares with the R-134a and R-41OA experimental 
data. Specifically, Figures 5.8 through 5.11 show how the Premoli correlation compares with 
the R-134a experimental data. For example, at a mass flux of 75 kglm2-s (55 klbm/ft2-hr) the 
Premoli correlation is seen to overpredict the R-134a experimental data for all values of the inlet 
quality. The Premoli correlation slightly overpredicts the R-134a void fraction at low values of 
the inlet quality for mass fluxes of 150 kglm2-s (110 klbm/ft2-hr), 300 kglm2-s (220 klbmfft2-
hr) and 450 kglm2-s (330 klbm/ft2-hr). At these mass fluxes, the Premoli correlation does a 
good job of predicting the R-134a void fraction at higher inlet qualities. 
It should also be noted that Figures 5.12 through 5.15 show the predictions of the 
Premoli correlation and the R-41OA experimental data. At mass fluxes of 75 kglm2-s (55 
klbm/ft2-hr) and 150 kglm2-s (110 klbm/ft2-hr), the Premoli correlation overpredicts the R-
410A void fraction. As the mass flux is increased to 300 kglm2-s (220 klbm/ft2-hr), there is a 
deviation between this correlation and the R-410A void fraction at low inlet qualities. Finally, 
at a mass flux of 450 kglm2-s (330 klbm/ft2-hr) the Premoli correlation does a good job of 
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predicting the R-41OA void fraction, with the only deviation occurring at an inlet quality of 
0.13. 
5.2.4- Hughmark Correlation 
Figures 5.8 through 5.15 give the void fraction versus quality for the Hughmark 
correlation prediction, and the two refrigerants tested. The Hughmark correlation was defined 
in Section 2.4.2. Figures 5.8 through 5.11 are of interest because they show the Hughmark 
correlation predictions and the R-134a experimental data. At a mass flux of 75 kglm2-s (55 
klbm/ft2-hr), the Hughmark correlation is seen to give values for the void fraction that are less 
than those measured for R-134a. Furthermore, this trend is seen to continue for mass fluxes of 
150 kglm2-s (110 klbm/ft2-hr), 300 kglm2-s (220 klbm/ft2-hr) and 450 kg/m2-s (330 klbm/ft2-
hr). 
Figures 5.12 through 5.15 demonstrate how the Hughmark correlation compares to the 
R-41OA experimental data. As can be seen, the same trend holds for R-41OA that was shown 
for R-134a. Specifically, the Hughmark correlation underpredicts the void fraction at each 
value of the inlet quality for all mass fluxes tested. The void fraction predictions of the 
individual correlations versus inlet quality can be seen in Appendix B. 
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Chapter 6 
Correlation of Data 
In this chapter the Froude rate parameter will be introduced. Following this, the 
parameter will be used to correlate the experimental R-134a and R-41OA void fraction data. 
Finally, it will be demonstrated how this correlation compares with outside data. 
6.1- Fronde Rate Parameter 
Hurlburt and Newell [1997] found that a transition between stratified and annular flow 
can be indicated by a Froude rate parameter. Under certain refrigerant conditions, the 
numerical values for the Froude rate are similar to those for the Froude number. However, 
over an extended range of conditions, where variation of an annular flow's film thickness is of 
interest, the Froude rate parameter is significantly different than the Froude number. The 
Froude rate parameter is defined as: 
[ 
2]1/2 Ft= mgVg 
mfgD 
(6.1) 
where mg and mt are the vapor and liquid mass flow rates 
As defined above, the Froude rate is a ratio related to the vapor's power due to its kinetic 
energy to the power required to pump liquid from the bottom of the tube to the top of the tube. 
The Froude rate can also be defined in terms of refrigerant mass flux and quality. 
F x G [ 3 2 ]1/
2 
t = p/gD(I- x) (6.2) 
6.1.1- Void Fraction Versus Froude Rate Parameter 
Figure 6.1 is a plot"of the ,void fraction -versus Froude rate parameter for all mass fluxes 
and refrigerants tested. It should be noted that when calculating the experimental Froude rate 
parameter an average value of quality is used. As can be seen, it is hard to distinguish any sort 
of trend on a linear scale. However, when the data is viewed on a logarithmic scale a 
noticeable trend is seen to occur. This can be seen in Figure 6.2. Mainly, the data is shown to 
collapse with respect to the Froude rate parameter. In addition, when the R-ll, R-12 and R-22 
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void fraction data of Sacks [1975] is plotted against the Froude rate parameter, the same trend 
is seen to occur. The R-ll data of Sacks is shown in Figure 6.3, the R-12 data of Sacks is 
shown in Figure 6.4 and the R-22 data of Sacks is shown in Figure 6.5. Sacks data was for a 
9.6 mm (0.377") i.d. smooth horizontal tube. The Froude rate parameter is shown to collapse 
the void fraction data nicely, and has been chosen to correlate the data obtained in this study. 
6.1.2- Void Fraction Correlation 
A least squares analysis was used to correlate the R-134a and R-41OA void fraction 
data with respect to the Froude Rate parameter. The curvature of the data on a semi-logarithmic 
plot, and the upper Froude rate limit suggested a form of: 
(6.3) 
A second order relation was found to be a reasonable basis. The resulting expression for the 
least squares yields: 
a = 1-exp[ -1- 0.3* In(Ft) - 0.0328* (In(Ft))2] Ft>0.01032 (6.4) 
a=O F~0.01032 (6.5) 
For this study, at the extreme limit, Ft=0.01032 represents an average quality of 2.08% for R-
410A and 1.34% for R-134a. Figure 6.6 represents the predicted versus measured void 
fraction for both R -134a and R -41 OA. The percent deviation for each point tested can be seen 
in Tables 6.1 and 6.2. The majority of the experimental data is correlated to within 10% of its 
measured value, with the average deviation calculated to be 4.42%. Figures 6.7 through 6.9 
show the predicted versus measured void fraction for the R-ll, R-12 and R-22 void fraction 
data of Sacks. The percent deviation for each individual point can be seen in Tables 6.3 
through 6.5. Once again, the majority of the experimental data is correlated to within 10% of 
its measured value. The average deviation is 6.44% for the R-ll data, 6.13% for the R-12 
data and 7.93% for the R-22 data. The greatest deviation occurs when points whose Froude 
rates are approaching the lower limit are correlated. 
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Chapter 7 
Conclusions 
The goal of this investigation was to study the void fraction during condensation of R-
134a and R-4IOA in a smooth, 7.04 mm (0.277") Ld. copper tube. In this study, experimental 
data were collected and analyzed in order to gain a better understanding of void fraction. At a 
temperature of 35°C (95 OF), inlet qualities of 0.13, 0.3, 0.5, 0.7 and 0.9 were looked at. 
This was done at mass fluxes of 75 kglm2-s (55 klbm/ft2-hr), 150 kglm2-s (110 klbm/ft2-hr), 
300 kglm2-s (220 klbm/ft2-hr) and 450 kglm2-s (330 klbm/ft2-hr). The following sections will 
provide conclusions from this work. 
For both R-134a and R-410A, void fraction is seen to increase with inlet quality for the 
mass fluxes tested. The void fraction is also demonstrated to dependent on mass flux, and on 
refrigerant. At each of the mass fluxes tested, R-134a had a higher void fraction than R-41OA. 
This is due to the higher saturation pressure of R-41OA. 
The data obtained in this investigation was compared to the predictions of various 
correlations. The Zivi, Wallis, Premoli and Hughmark correlations were chosen. They were 
all shown to deviate from the experimental data. 
A correlation was developed to predict void fraction. A Froude rate parameter was 
shown to correlate the experimental data well. This correlation had an average deviation of 
4.42% when compared to the data. In addition, the correlation was compared to the 
experimental data of Sacks. It was shown to have an average deviation of 6.44% for Sacks R-
11 data, 6.13% for Sacks R-12 data and 7.93% for sacks R-22 data. 
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Appendix A 
Experimental Data 
This appendix contains the void fraction predictions obtained by utilizing the correlation 
defined in Chapter 6. Predictions are given for the R-134a and R-41OA experimental data, as 
well as the R-ll, R-12 and R-22 data of Sacks. The units ofG, the refrigerant mass flux, are 
kglm2-s. Ft, the Froude rate parameter, is defined in Chapter 6. 
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Table A.l- R-134a data and correlation values 
__ ::::::::::::i:::::i::::::::::i:I~:::::i:i:i:::::ii::i:::i:::i:i'_ 
74.6 0.071 0.4132 0.1306 0.4086 1.1253 
73.1 0.174 0.5616 0.5184 0.5583 0.5914 
73.9 0.412 0.7141 2.2672 0.7185 -0.6129 
73.8 0.545 0.8176 3.9228 0.7704 5.7758 
76.2 0.721 0.8803 7.8796 0.8278 5.9648 
148.5 0.112 0.6025 0.5240 0.5595 7.1402 
150.1 0.245 0.7598 1.8567 0.6983 8.0991 
149.8 0.473 0.8813 5.9476 0.8059 8.5602 
151.3 0.668 0.9235 12.7900 0.8616 6.7020 
148.1 0.860 0.9465 28.0660 0.9061 4.2728 
302.3 0.115 0.7355 1.1110 0.6437 12.4833 
307 0.264 0.8175 4.3257 0.7790 4.7058 
292.1 0.491 0.8805 12.5100 0.8602 2.3088 
291.7 0.678 0.9351 25.4570 0.9012 3.6240 
291.1 0.885 0.9466 63.3960 0.9398 0.7217 
441.3 0.117 0.7535 1.6652 0.6870 8.8271 
448.6 0.295 0.8545 7.5936 0.8250 3.4517 
454.7 0.466 0.8979 17.5740 0.8811 1.8717 
459.7 0.658 0.9402 37.4320 0.9193 2.2215 
447.1 0.846 0.9581 78.5060 0.9468 1.1812 
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Table A.2- R-410A data and correlation values 
75.6 0.054 0.3131 0.0445 0.3188 -1.8329 
74.4 0.215 0.5137 0.3810 0.5234 -1.8844 
74.5 0.412 0.7011 1.1672 0.6491 7.4213 
76 0.554 0.7566 2.1325 0.7123 5.8490 
74.5 0.769 0.8606 4.7087 0.7864 8.6240 
152.8 0.075 0.4060 0.1491 0.4218 -3.8932 
149.2 0.262 0.6496 1.0622 0.6388 1.6682 
151.4 0.439 0.7802 2.6757 0.7347 5.8270 
147.8 0.629 0.8565 5.4617 0.7989 6.7270 
149.9 0.842 0.9285 13.3560 0.8644 6.9050 
310.4 0.093 0.4882 0.4192 0.5342 -9.4174 
316.5 0.260 0.7378 2.5091 0.7285 1.2627 
312.2 0.424 0.8277 5.1759 0.7944 4.0224 
301.2 0.639 0.9036 11.6410 0.8554 5.3312 
299.3 0.878 0.9508 32.0820 0.9124 4.0381 
456.1 0.095 0.6106 0.6366 0.5815 4.7577 
462.6 0.271 0.7595 3.4797 0.7595 -0.0015 
467.4 0.467 0.8483 9.2964 0.8399 0.9904 
463.8 0.659 0.9112 19.3090 0.8865 2.7143 
462.6 0.839 0.9538 40.4370 0.9226 3.2701 
50 
Table A.3- Sacks R -11 data and correlation values 
139.3968 0.023 0.67 0.2433 0.4735 29.3272 
140.7528 0.086 0.738 1.7188 0.6903 6.4651 
134.6508 0.176 0.827 5.0671 0.7926 4.1571 
134.1084 0.305 0.905 12.1465 0.8582 5.1667 
133.1592 0.386 0.92 18.5001 0.8840 3.9079 
128.5488 0.465 0.932 25.2974 0.9009 3.3376 
133.4304 0.597 0.948 43.3242 0.9255 2.3772 
136.0068 0.668 0.956 57.2260 0.9362 2.0758 
132.7524 0.768 0.965 83.6707 0.9487 1.6849 
132.7524 0.86 0.971 126.8946 0.9601 1.1182 
134.7864 0.877 0.973 141.4916 0.9627 1.0535 
133.0236 0.931 0.98 205.1927 0.9706 0.9588 
139.1256 0.149 0.85 4.1158 0.7747 8.8646 
135.3288 0.026 0.78 0.2763 0.4875 37.5059 
136.1424 0.118 0.86 2.9919 0.7454 13.3224 
137.634 0.15 0.878 4.0376 0.7729 11.9648 
133.566 0.224 0.899 7.5071 0.8241 8.3275 
135.7356 0.39 0.931 20.3419 0.8894 4.4722 
135.3288 0.397 0.937 21.6323 0.8927 4.7266 
132.4812 0.467 0.951 26.5364 0.9033 5.0161 
138.5832 0.602 0.96 51.5749 0.9323 2.8840 
135.1932 0.673 0.966 58.5115 0.9370 3.0068 
132.21 0.711 0.968 66.9308 0.9416 2.7257 
132.4812 0.821 0.978 105.0693 0.9553 2.3246 
136.6848 0.392 0.935 22.2643 0.8943 4.3579 
140.8884 0.077 0.82 1.6215 0.6842 16.5600 
275.1324 0.11 0.836 4.8754 0.7894 5.5796 
270.2508 0.163 0.834 8.9051 0.8368 -0.3365 
274.59 0.232 0.879 15.4511 0.8735 0.6311 
265.3692 0.257 0.9 17.4267 0.8806 2.1550 
269.844 0.063 0.796 1.9883 0.7053 11.3988 
263.742 0.307 0.896 23.0517 0.8961 -0.0103 
51 
269.166 0.375 0.919 34.6103 0.9159 0.3419 
267.4032 0.209 0.904 12.5987 0.8606 4.7975 
262.7928 0.313 0.936 24.1218 0.8985 4.0110 
272.4204 0.248 0.919 17.1258 0.8796 4.2886 
270.6576 0.353 0.939 30.1865 0.9096 3.1356 
253.572 0.467 0.953 49.0473 0.9304 2.3723 
265.5048 0.12 0.838 5.4946 0.7994 4.6086 
266.9964 0.018 0.673 0.2854 0.4910 27.0380 
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Table A.4- Sacks R-12 data and correlation values 
85.8348 0.534 0.891 4.0871 0.7740 13.1278 
87.8688 0.495 0.872 3.5870 0.7623 12.5814 
88.14 0.398 0.826 2.3759 0.7231 12.4550 
88.5468 0.24 0.747 0.9947 0.6315 15.4566 
89.0892 0.76 0.949 10.0362 0.8453 10.9266 
87.8688 0.679 0.937 7.2280 0.8212 12.3543 
88.0044 0.455 0.842 3.0476 0.7472 11.2626 
88.14 0.315 0.768 1.5683 0.6807 11.3667 
87.5976 0.538 0.892 4.2362 0.7772 12.8705 
91.53 0.83 0.962 13.9826 0.8673 9.8454 
91.6656 0.781 0.949 11.2614 0.8532 10.0942 
93.9708 0.897 0.972 20.7202 0.8904 8.3977 
86.9196 0.217 0.712 0.8271 0.6110 14.1823 
88.6824 0.214 0.695 0.8249 0.6107 12.1269 
91.8012 0.095 0.574 0.2354 0.4699 18.1391 
87.7332 0.163 0.654 0.5257 0.5599 14.3960 
88.5468 0.135 0.62 0.3934 0.5270 15.0009 
89.3604 0.939 0.977 27.4226 0.9049 7.3774 
88.5468 0.401 0.862 2.4200 0.7249 15.9010 
87.1908 0.265 0.776 1.1557 0.6480 16.4966 
84.75 0.835 0.693 13.2604 0.8639 -24.6650 
89.496 0.528 0.907 4.1631 0.7757 14.4806 
90.174 0.686 0.945 7.6161 0.8252 12.6741 
89.9028 0.16 0.7 0.5229 0.5593 20.1061 
82.1736 0.837 0.976 12.9825 0.8626 11.6219 
134.6508 0.334 0.821 2.6529 0.7339 10.6078 
134.3796 0.466 0.871 4.8727 0.7893 9.3791 
137.9052 0.27 0.783 1.8862 0.6999 10.6152 
133.1592 0.416 0.854 3.8944 0.7697 9.8682 
136.5492 0.506 0.892 5.8248 0.8042 9.8469 
139.8036 0.798 0.957 18.4705 0.8840 7.6326 
139.3968 0.726 0.945 13.7219 0.8661 8.3490 
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137.9052 0.597 0.918 8.3468 0.8321 9.3600 
133.0236 0.658 0.928 10.1131 0.8458 8.8536 
137.3628 0.853 0.964 23.5106 0.8971 6.9373 
141.4308 0.889 0.975 29.6391 0.9087 6.8013 
138.1764 0.946 0.984 45.5726 0.9275 5.7413 
140.4816 0.97 0.991 64.5427 0.9404 5.1076 
139.9392 0.161 0.761 0.8221 0.6103 19.7970 
139.9392 0.164 0.672 0.8467 0.6136 8.6844 
141.024 0.216 0.758 1.3318 0.6633 12.4892 
141.5664 0.12 0.606 0.5225 0.5592 7.7272 
138.99 0.07 0.484 0.2223 0.4637 4.1915 
145.092 0.032 0.366 0.0703 0.3526 3.6701 
138.312 0.399 0.865 3.7455 0.7662 11.4198 
141.9732 0.27 0.805 1.9419 0.7029 12.6885 
140.346 0.508 0.908 6.0345 0.8070 11.1199 
140.4816 0.627 0.933 9.5125 0.8415 9.8034 
136.4136 0.697 0.948 12.0120 0.8575 9.5456 
135.8712 0.704 0.954 12.2877 0.8590 9.9581 
136.956 0.725 0.957 13.4293 0.8647 9.6410 
139.8036 0.838 0.978 22.1951 0.8941 8.5800 
142.5156 0.753 0.961 15.6076 0.8741 9.0465 
141.702 0.201 0.748 1.1899 0.6512 12.9455 
139.3968 0.146 0.734 0.7009 0.5924 19.2874 
144.6852 0.089 0.635 0.3353 0.5090 19.8420 
259.5384 0.539 0.907 12.5998 0.8606 5.1118 
258.8604 0.648 0.931 18.9578 0.8854 4.8943 
255.606 0.895 0.977 55.6342 0.9351 4.2855 
255.0636 0.768 0.953 29.6877 0.9088 4.6416 
264.5556 0.859 0.969 46.7227 0.9285 4.1801 
262.7928 0.977 0.987 139.3869 ·0.9624 2.4925 
268.7592 0.933 0.982 77.9433 0.9466 3.6092 
263.064 0.342 0.833 5.4028 0.7980 4.2035 
259.2672 0.452 0.88 8.8653 0.8365 4.9452 
260.8944 0.203 0.75 2.2264 0.7167 4.4444 
257.9112 0.127 0.712 1.0406 0.6365 10.6026 
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255.7416 0.13 0.666 1.0705 0.6396 3.9613 
258.996 0.151 0.724 1.3738 0.6667 7.9200 
264.1488 0.077 0.518 0.4893 0.5517 -6.5105 
266.5896 0.038 0.46 0.1677 0.4339 5.6825 
268.8948 0.012 0.276 0.0296 0.2956 -7.1136 
269.3016 0.537 0.919 12.9730 0.8625 6.1454 
263.6064 0.341 0.868 5.3861 0.7977 8.0958 
267.4032 0.41 0.893 7.6128 0.8252 7.5927 
261.4368 0.605 0.937 16.3054 0.8767 6.4367 
257.64 0.705 0.952 23.3893 0.8969 5.7926 
268.7592 0.74 0.962 27.9483 0.9059 5.8365 
262.5216 0.855 0.976 45.4005 0.9274 4.9841 
267.6744 0.231 0.825 2.8229 0.7399 10.3164 
267.4032 0.169 0.789 1.6976 0.6890 12.6750 
267.5388 0.076 0.674 0.4857 0.5509 18.2663 
544.8408 0.121 0.666 2.0374 0.7077 -6.2677 
549.858 0.085 0.592 1.1866 0.6509 -9.9427 
550.1292 0.178 0.754 3.7957 0.7674 -1.7797 
544.7052 0.238 0.788 6.0350 0.8070 -2.4160 
557.5872 0.417 0.872 16.3800 0.8770 -0.5688 
548.6376 0.333 0.843 10.7527 0.8501 -0.8387 
553.1124 0.476 0.9 20.9020 0.8909 1.0165 
557.1804 0.414 0.877 16.1502 0.8761 0.1006 
549.0444 0.565 0.928 29.4487 0.9084 2.1143 
553.6548 0.649 0.944 40.6989 0.9229 2.2372 
553.6548 0.716 0.957 52.4300 0.9329 2.5148 
554.604 0.892 0.982 118.4265 0.9584 2.4021 
559.2144 0.97 0.989 256.9247 0.9746 1.4521 
546.7392 0.81 0.971 76.1661 0.9458 2.5920 
537.9252 0.632 0.954 37.1111 0.9189 3.6751 
536.298 0.712 0.967 50.0104 0.9311 3.7083 
546.3324 0.752 0.975 59.5921 0.9376 3.8354 
554.4684 0.86 1 98.4444 0.9535 4.6527 
560.8416 0.558 0.945 29.2894 0.9081 3.9026 
563.2824 0.459 0.923 19.8371 0.8880 3.7948 
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551.4852 0.335 0.879 10.9225 0.8511 3.1698 
546.7392 0.232 0.826 5.8071 0.8039 2.6734 
557.8584 0.125 0.755 2.1954 0.7153 5.2630 
560.028 0.076 0.732 1.0168 0.6340 13.3941 
556.0956 0.077 0.686 1.0302 0.6354 7.3763 
544.0272 0.873 0.984 103.7219 0.9549 2.9558 
819.4308 0.269 0.829 11.1381 0.8525 -2.8303 
840.5844 0.301 0.838 13.8300 0.8666 -3.4126 
821.8716 0.47 0.915 30.3001 0.9097 0.5754 
832.8552 0.357 0.871 18.4543 0.8839 -1.4817 
846.5508 0.208 0.781 7.5165 0.8242 -5.5353 
837.0588 0.135 0.709 3.7186 0.7656 -7.9782 
817.2612 0.078 0.608 1.5444 0.6791 -11.6923 
816.4476 0.045 0.432 0.6643 0.5864 -35.7343 
902.0112 0.064 0.736 1.2574 0.6571 10.7146 
805.0572 0.13 0.772 3.3699 0.7566 2.0004 
788.2428 0.237 0.836 8.6726 0.8349 0.1335 
811.2948 0.354 0.9 17.7092 0.8815 2.0513 
802.3452 0.438 0.926 25.8425 0.9020 2.5950 
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Table A.5- Sacks R-22 data and correlation values 
-147.6684 0.0560 0.469 0.1413 0.4164 11.2187 
146.1768 0.1020 0.556 0.3525 0.5146 7.4417 
145.77 0.1490 0.591 0.6375 0.5817 1.5719 
144.414 0.2050 0.693 1.0545 0.6380 7.9418 
142.7868 0.2730 0.756 1.6755 0.6876 9.0433 
163.398 0.8880 0.968 28.6578 0.9071 6.2943 
162.9912 0.8530 0.963 23.4917 0.8971 6.8450 
164.076 0.7450 0.944 14.6553 0.8702 7.8163 
149.9736 0.7430 0.941 13.2897 0.8641 8.1754 
147.9396 0.5370 0.892 6.0012 0.8066 9.5757 
148.8888 0.6460 0.92 9.1137 0.8385 8.8613 
147.9396 0.4520 0.859 4.2598 0.7777 9.4664 
149.16 0.3640 0.819 2.8811 0.7418 9.4211 
146.0412 0.9420 0.982 38.8887 0.9210 6.2163 
148.3464 0.9400 0.987 38.7149 0.9208 6.7107 
147.126 0.8230 0.97 18.3142 0.8835 8.9205 
148.6176 0.7950 0.969 16.3203 0.8767 9.5208 
148.6176 0.7340 0.952 12.7104 0.8612 9.5375 
146.448 0.7050 0.946 11.1954 0.8528 9.8510 
147.2616 0.5940 0.921 7.4215 0.8233 10.6121 
146.5836 0.5090 0.904 5.3285 0.7968 11.8546 
146.448 0.4060 0.868 3.4480 0.7587 12.5956 
144.1428 0.3210 0.823 2.2315 0.7169 12.8924 
149.9736 0.2100 0.772 1.1390 0.6464 16.2692 
148.3464 0.0970 0.648 0.3308 0.5075 21.6812 
149.16 0.0660 0.597 0.1836 0.4433 25.7485 
148.3464 0.0190 0.484 0.0275 0.2922 39.6369 
240.5544 0.9420 0.978 64.0562 0.9401 3.8728 
249.7752 0.8920 0.969 44.9128 0.9269 4.3424 
251.1312 0.8890 0.972 44.3177 0.9264 4.6929 
248.148 0.8660 0.96 38.3196 0.9203 4.1328 
248.2836 0.7510 0.939 22.7140 0.8953 4.6524 
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242.046 0.9750 0.983 103.3761 0.9548 2.8663 
240.5544 0.6430 0.912 14.5607 0.8698 4.6257 
243.1308 0.4640 0.863 7.3624 0.8227 4.6753 
239.1984 0.5530 0.893 10.3199 0.8472 5.1238 
244.6224 0.2690 0.778 2.8000 0.7391 4.9989 
242.3172 0.2700 0.784 2.7910 0.7388 5.7653 
242.4528 0.3510 0.821 4.3899 0.7803 4.9554 
254.7924 0.1650 0.676 1.3109 0.6616 2.1262 
250.3176 0.1050 0.571 0.6315 0.5806 -1.6877 
250.3176 0.0630 0.491 0.2868 0.4916 -0.1229 
254.3856 0.0420 0.452 0.1569 0.4270 5.5279 
256.0128 0.0420 0.454 0.1579 0.4277 5.8004 
247.47 0.8380 0.978 33.0839 0.9138 6.5626 
249.504 0.8520 0.979 35.7760 0.9173 6.2991 
237.4356 0.8510 0.975 33.8713 0.9149 6.1655 
246.9276 0.8110 0.973 29.0975 0.9078 6.7004 
236.3508 0.8210 0.967 29.1495 0.9079 6.1127 
249.2328 0.7610 0.957 23.7393 0.8976 6.2039 
240.4188 0.7930 0.961 26.1745 0.9026 6.0758 
247.47 0.7270 0.953 20.5934 0.8900 6.6067 
248.6904 0.6860 0.948 17.6875 0.8815 7.0182 
244.758 0.6180 0.933 13.4950 0.8650 7.2834 
242.5884 0.5720 0.921 11.2519 0.8531 7.3671 
238.656 0.5370 0.914 9.6812 0.8428 7.7923 
245.0292 0.4800 0.895 7.9262 0.8282 7.4600 
245.7072 0.4060 0.871 5.7849 0.8036 7.7376 
245.436 0.4270 0.883 6.3458 0.8111 8.1471 
242.724 0.3620 0.852 4.6425 0.7852 7.8445 
242.8596 0.2900 0.825 3.1572 0.7505 9.0312 
244.6224 0.3580 ·0.853 4.5871 0.7841 8.0738 
253.0296 0.2920 0.815 3.3282 0.7554 7.3121 
244.08 0.2880 0.824 3.1359 0.7499 8.9979 
243.9444 0.2480 0.803 2.4369 0.7256 9.6362 
245.0292 0.1920 0.764 1.6086 0.6834 10.5536 
246.9276 0.1770 0.744 1.4217 0.6703 9.9037 
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246.2496 0.1130 0.678 0.6967 0.5917 12.7231 
247.1988 0.0830 0.661 0.4330 0.5378 18.6312 
242.4528 0.0100 0.511 0.0171 0.2756 46.0743 
242.8596 0.0090 0.432 0.0146 0.2724 36.9489 
241.9104 0.0040 0.456 0.0043 0.2876 36.9205 
237.7068 0.1330 0.712 0.8685 0.6165 13.4153 
243.402 0.0460 0.6 0.1725 0.4368 27.2076 
239.7408 0.0720 0.64 0.3372 0.5097 20.3645 
504.8388 0.9600 0.99 166.5386 0.9664 2.3853 
510.8052 0.8960 0.982 94.2293 0.9522 3.0309 
504.5676 0.8550 0.976 73.4801 0.9447 3.2084 
500.0928 0.7930 0.966 54.4453 0.9343 3.2777 
506.466 0.7170 0.949 40.5435 0.9227 2.7692 
494.1264 0.1670 0.704 2.5916 0.7316 -3.9264 
483.5496 0.0840 0.558 0.8628 0.6157 -10.3475 
488.4312 0.1950 0.726 3.2881 0.7543 -3.8953 
492.6348 0.0250 0.352 0.1383 0.4143 -17.6928 
494.94 0.0560 0.431 0.4735 0.5480 -27.1447 
485.5836 0.2950 0.8 6.4996 0.8130 -1.6201 
499.4148 0.3720 0.841 10.0295 0.8453 -0.5065 
486.2616 0.5020 0.901 17.1908 0.8798 2.3519 
491.6856 0.6160 0.929 26.9078 0.9040 2.6924 
489.6516 0.9740 0.994 204.7501 0.9706 2.3579 
494.262 0.6390 0.948 29.4741 0.9084 4.1750 
491.4144 0.5980 0.939 25.1404 0.9006 4.0919 
499.8216 0.5000 0.914 17.5295 0.8809 3.6163 
490.4652 0.2980 0.844 6.6796 0.8151 3.4227 
483.1428 0.3020 0.844 6.7320 0.8157 3.3501 
492.6348 0.2070 0.798 3.6545 0.7640 4.2620 
481.6512 0.3970 0.882 10.8829 0.8509 3.5271 
476.0916 0.3960 0.878 10.7078 0.8498 3.2137 
480.2952 0.1030 0.704 1.1759 0.6499 7.6885 
481.9224 0.0040 0.504 0.0086 0.2703 46.3628 
476.3628 0.0460 0.63 0.3375 0.5098 19.0867 
496.1604 0.7850 0.972 52.2027 0.9328 4.0360 
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488.4312 0.8020 0.974 55.2990 0.9349 4.0134 
494.94 0.8480 0.99 69.5360 0.9429 4.7588 
493.7196 0.8590 0.989 73.4253 0.9447 4.4831 
502.8048 0.9090 0.997 101.3234 0.9543 4.2855 
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Appendix B 
Additional Figures 
This Appendix contains the graphical representations of the experimental data. Graphs 
presented here include void fraction versus inlet quality for R-134a and R-41OA, as well as the 
predictions of the Zivi, Wallis, Premoli and Hughmark correlations. 
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Figure B.l- Void fraction versus inlet quality for R-134a at a mass flux of 75 kglm2-s 
(55 klbm/ft2-hr) 
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Figure B.2- Void fraction versus inlet quality for R-134a at a mass flux of 150 kglm2-s 
(110 klbm/ft2-hr) 
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Figure B. 3- Void fraction versus inlet quality for R -134a at a mass flux of 300 kg/m 2-s 
(220 klbn/ft2-hr) 
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Figure B.4- Void fraction versus inlet quality for R-134a at a mass flux of 450 kg/m2-s 
(330 klbm/ft2-hr) 
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Figure B.5- Void fraction versus inlet quality for R-41OA at a mass flux of75 kg/m2-s 
(55 k1bm/ft2-hr) 
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Figure B.6- Void fraction versus inlet quality for R-41OA at a mass flux of 150 kg/m2-s 
(110 k1bm/ft2-hr) 
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Figure B.5- Void fraction versus inlet quality for R-41OA at a mass flux of75 kglm2-s 
(55 klbm/ft2-hr) 
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Figure B.6- Void fraction versus inlet quality for R-41OA at a mass flux of 150 kglm2-s 
(110 klbn/ft2-hr) 
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Figure B.7- Void fraction versus inlet quality for R-41OA at a mass flux of 300 kglm2-s 
(220 klbm/ft2-hr) 
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Figure B.8- Void fraction versus inlet quality for R-41OA at a mass flux of 450 kglm2-s 
(330 klbm/ft2-hr) 
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Figure B.9- Zivi correlation prediction and measured void fraction for R-134a at 75 kglm2-s 
(55 klbm/ft2-hr) 
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Figure B.I0- Zivi correlation prediction and measured void fraction for R-410A at 75 kglm2-s 
(55 klbm/ft2-hr) 
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Figure B.ll- Zivi correlation prediction and measured void fraction for R-134a at 150 kg/m2-s 
(llO klbm/ft2-hr) 
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Figure B.12- Zivi correlation prediction and measured void fraction for R-4lOA at 150 kg/m2-s 
(1lO klbm/ft2-hr) 
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Figure B.13- Zivi correlation prediction and measured void fraction for R-134a at 300 kglm2-s 
(220 klbmlft2-hr) 
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Figure B.14- Zivi correlation prediction and measured void fraction for R-41OA at 300 kglm2-s 
(220 klbm/ft2-hr) 
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Figure B.15- Zivi correlation prediction and measured void fraction for R-134a at 450 kglm2-s 
(330 klbm/ft2-hr) 
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Figure B.16- Zivi correlation prediction and measured void fraction for R-410A at 450 kglm2-s 
(330 klbrr/ft2-hr) 
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Figure B.17- Wallis correlation prediction and measured void fraction for R-134a at 
75 kglm2-s (55 klbn/ft2-hr) 
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Figure B .18- Wallis correlation prediction and measured void fraction for R -41 OA at 
75 kglm2-s (55 klbm/ft2-hr) 
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Figure B.19- Wallis correlation prediction and measured void fraction for R-134a at 
150 kg/m2-s (110 klbm/ft2-hr) 
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Figure B.20- Wallis correlation prediction and measured void fraction for R-4IOA at 
150 kglm2-s (110 klbm /ft2-hr) 
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Figure B.21- Wallis correlation prediction and measured void fraction for R-134a at 
300 kglm2-s (220 klbm/ft2-hr) 
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Figure B.22- Wallis correlation prediction and measured void fraction for R-410A at 
300 kglm2-s (220 klbm/ft2-hr) 
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Figure B.23- Wallis correlation prediction and measured void fraction for R-134a at 
450 kglm2-s (330 klbm/ft2_hr) 
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Figure B.24- Wallis correlation prediction and measured void fraction for R-410A at 
450 kglm2-s (330 klbm/ft2-hr) 
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Figure B.25- Premoli correlation prediction and measured void fraction for R-134a at 
75 kglm2-s (55 klbm/ft2-hr) 
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Figure B.26- Premoli correlation prediction and measured void fraction for R-410A at 
75 kglm2-s (55 klbm/ft2-hr) 
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Figure B .27 - Premoli correlation prediction and measured void fraction for R -134a at 
150 kg/m2-s (110 klbm/ft2-hr) 
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Figure B.28- Premoli correlation prediction and measured void fraction for R-4IOA at 
150 kg/m2-s (110 klbm/ft2-hr) 
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Figure B.29- Premoli correlation prediction and measured void fraction for R-134a at 
300 kglm2-s (220 klbm/ft2-hr) 
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Figure B .30- Premoli correlation prediction and measured void fraction for R -4 lOA at 
300 kglm2-s (220 klbm/ft2-hr) 
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Figure B.31- Premoli correlation prediction and measured void fraction for R-134a at 
450 kglm2-s (330 klbm/ft2_hr) 
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Figure B.32- Premoli correlation prediction and measured void fraction for R-41OA at 
450 kglm2-s (330 klbm/ft2_hr) 
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Figure B.33- Hughmark correlation prediction and measured void fraction for R-134a at 
75 kglm2-s (55 klbm/ft2-hr) 
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Figure B.34- Hughmark correlation prediction and measured void fraction for R-41OA at 
75 kglm2-s (55 klbm/ft2-hr) 
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Figure B.35- Hughmark correlation prediction and measured void fraction for R-134a at 
150 kglm2-s (110 klbm/ft2_hr) 
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Figure B.36- Hughmark correlation prediction and measured void fraction for R-41OA at 
150 kglm2-s (110 klbm/ft2-hr) 
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Figure B.37 - Hughmark correlation prediction and measured void fraction for R-134a at 
300 kglm2-s (220 klbm/ft2-hr) 
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Figure B.38- Hughmark correlation prediction and measured void fraction for R-41OA at 
300 kg/m2-s (220 klbm/ft2-hr) 
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Figure B.39- Hughmark correlation prediction and measured void fraction for R-134a at 
450 kglm2-s (330 klbm/ft2-hr) 
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Figure BAO- Hughmark correlation prediction and measured void fraction for R-41OA at 
450 kglm2-s (330 klbm/ft2-hr) 
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